Formation and controls of channel networks by Thomas Dunne I Statement of the problem
The geomorphological literature includes a vast number of papers describing the form of drainage basins (e.g. Strahler, 1964) and their responses to individual hydrologic events (Gregory and Walling, 1973) , to climatic differences (Gregory and Gardiner, 1975) , and to land-use changes (Strahler, 1958) . Few authors have attempted to construct a theory of drainage network initiation and drainage basin development founded upon erosion mechanics. This paper reviews current knowledge about the physical principles governing the development of drainage basins through the initiation, growth, and integration of channel networks. The emphasis is on the relationship between these processes and the mechanisms by which runoff is generated, and on the degree to which current theoretical models of channel-network formation agree with field observations. The paper avoids discussion of the literature on random simulation of channel networks (e.g. Leopold and Langbein, 1962; Hack, 1965; Howard, 1971 ) and on the probabilistic-topologic approach to channel network description (e.g. Shreve, 1966; . This literature, which was recently summarized by Jarvis (1977) (Schumm, 1956; Morisawa, 1964; Abrahams, 1975) . This last 212 case is the one most frequently studied by experiment (e.g. Parker in Schumm, 1977, 65-8) , and research has focused on rates and patterns of channel growth rather than on the mechanics of incision.
In each of the cases referred to above, water falling or melting onto the unchannelled surface accumulates in various ways until there is a sufficient condition for the initiation of a channel. The resulting channels converge to form a branched hierarchical network that stabilizes relatively quickly in geological time, but which may undergo slow changes thereafter. The manner in which water accumulates to generate the conditions necessary for channel initiation involves the study of runoff -processes, which has developed rapidly since Horton's ( 1933) classic work (see Kirkby and Chorley, 1967; Freeze, 1974; for reviews of theoretical and field studies). Briefly, there are four paths that water can follow on its way downslope (see Figure 1 ). They are: Horton overland flow (path 1), groundwater flow (path 2), shallow subsurface flow (path 3), and saturation overland flow (path 4), and they are described in detail elsewhere , along with the range of environmental conditions under which each process occurs. It will be argued later in this paper that each of these flow processes can contribute to the mechanisms by which channel networks and drainage basins develop.
II Channel initiation by Horton overland flow 1 Review of theory As with many other important questions concerning the interrelationships between geomorphology and hydrology, the earliest attempt to explain the Figure 1 Potential paths of runoff. Path 1 is Horton overland flow; path 2 is groundwater flow; path 3 is shallow subsurface flow; path 4 is saturation overland flow composed of infiltrated water that emerges from the ground (return flow) and direct precipitation onto the resulting saturated zone. The unshaded zone indicates highly permeable topsoil, and the shaded zone represents less permeable subsoil or rock 213 formation of channel networks and drainage basins on the basis of runoff mechanics was made by Robert Horton (1945, 331-69 After discussing sheetwash erosion as a process distributed over large areas of a hillside (pp. 319-326), Horton (1945, 331 Kirkby (1971) Kirkby ( 1971 ) pointed out that the former set of values is characteristic of soil creep and rainsplash erosion, while the latter set pertains to sediment transport by sheetwash.
The critical issue addressed in the Smith and Bretherton paper that is essential to drainage basin development is whether the hillslope profiles are stable against the tendency for sheetwash to erode channels. They formulated this problem by examining the change in local rates of erosion due to the introduction of one and two-dimensional perturbations in the hillslope surface (Figure 2 ). They found that the one-dimensional constant form surface is stable against small perturbations (Figure 2a ), but that a two-dimensional constant form surface is stable against such perturbations (Figure 2b) 3 Suggested modifications The influence of rainsplash erosion may explain the imcompleteness of theories on the instability of sheetwash erosion. If the flow over a slightly irregular surface is concentrated locally, the adjacent areas will be exposed to raindrop impacts either directly or through an attenuated sheet of water. Smith and Bretherton (1972, 1517) Two other aspects of rainsplash erosion are also important for this tendency to counter rill incision. The first is that as a sheet of water thickens over a soil surface it drastically reduces the pressure and shear on the soil particles due to the impact of a raindrop (Wenzel and Wang, 1970) . Mutchler (1967) Hack (1965) became integrated by random lateral channel migrations when ridges between streams were eroded by wave action during intermittent retreat of a glacial lake. Others (e.g. Howard, 1971) have proposed that drainage networks become integrated by stream capture, but at present the argument is based on the success of randomized computer simulation of the topologic characteristics of the network, rather than on field observations of evolving channel networks or on a consideration of erosion mechanics. Headward migration of channels in rejuvenated networks has been documented in the field (e.g. Schumm, 1956; Morisawa, 1964; Abrahams, 1975) , but not studied mechanically. In general, there are major deficiencies in our understanding of the fundamental mechanics of channel network integration and therefore of basin form.
IV Horton controls of drainage density
The conditions under which channels are initiated by Horton overland flow are therefore still not precisely known, but occur at some critical channel-forming distance, X, > x,. The difference between these two lengths should decrease as rainsplash erosion declines relative to sheetwash erosion due to boundary shear stress alone, if the earlier discussion of smoothing by rainsplash is relevant. The two lengths should converge as the infiltration capacity decreases, as raindrop size decreases, as gradient increases (because the exponent in Equation 6 is greater for sheetwash erosion than for rainsplash), and possibly as the soil cohesion and resistance to dispersal increases.
However, since both critical lengths are partly controlled by the relative magnitudes of local boundary shear stress and the resistance of soil to erosion, X, should be subject to many of the same controlling factors that affects Xc. Horton (( 1945) was the first to summarize these controls in Equation 3, and he pointed out that the drainage density of a basin is approximately equal to one-half the reciprocal of x, (here interpreted as X~). The drainage density, which determines many morphological and dynamic features of the basin can therefore be related to the climatic, edaphic, vegetative, and (in some cases) tectonic features of the landscape. The analysis of variables controlling drainage density has been pursued by many geomorphologists. Melton (1958) (Schumm, 1956, 611 (Strahler, 1958) . It is now generally accepted that subsurface flow and related saturation overland flow (Figure 1 ) convey runoff to channels in humid regions; the development of this idea is reviewed by Chorley l197R1: Kirkby and Chorley (1967, 8) pointed out that subsurface flow and its influence on erosion processes provide 'the other end-member of the continuous spectrum of possible flow and erosion models'. They were referring to shallow subsurface flow (path 3 in Figure 1 ), but as will be described later, deep groundwater flow (path 2 in Figure 1) (Figure 3) . The 3.9-hectare grass-covered basin had been forested until a few decades earlier. It was developed in a sandy and silty glaciolacustrine terrace lying against a major valley side composed of siliceous and calcareous granulite (Dunne and Black, 1970b, Figure 1) . A railroad along the western edge of the catchment intercepted shallow sub-surface flow but not deep groundwater flow which originated on the major valley wall west of the margin shown in Figure 3 . Groundwater moves to the stream through widely spaced major vertical joints in the bedrock. In the surficial deposits, shallow subsurface flow and saturation overland flow were documented during natural and artifical rainstorms (see Dunne and Black, 1970a; 1970b; for summaries of the results).
I then addressed the question of how branched, hierarchical channel networks could form in a humid region where the mechanism of channel incision proposed by Horton did not exist. It was also important to explain why the morphometric features of humid landscapes, particularly drainage density, could be related to the same controls that Horton, Strahler, and Melton had proposed, namely rainfall intensity (Chorley, 1957; Chorley and Morgan, 1962; Cotton, 1964) , infiltration capacity (Chorley, 1959) , the permeability and strength properties of the underlying rock (Carlston, 1963; Strahler, 1964, 4-52) , relief (Strahler, 1958) , and time (Ruhe, 1952 In northern Vermont and areas of similar hydrology, channels appear to be initiated and valleys extended by spring sapping, a term that includes several processes involving the role of subsurface fow as it returns to the ground surface. The initial step in spring sapping involves mechanical weakening of the rock by chemical weathering and frost action, which lower the cohesion and tensile strength of the residuum, while its porosity and hydraulic conductivity are usually increased. As water is forced through the residuum by a pore-pressure gradient it exerts a drag on the weakened material. This gradient varies spatially and temporally, as will be discussed later, and at certain critical times and places reaches a level that overcomes the declining resistance of the weathered bedrock to failure by piping.
2 Theoretical considerations of spring sapping Hydraulic piping has been defined by Kalin (1977, 107) as 'a type of mechanical, intraformational erosion caused by the flow of groundwater'. Terzaghi (1943) Small and Lewin (1965, 8-12) (Dunne, 1969) . Some of the features of the model have been put forward by other writers, particularly for small, shallow drainage channels in unconsolidated materials (e.g. Jones, 1971; Loftier, 1974; Baillie, 1975) . De Vries (1976) has also described a conceptual model of drainage basin development as a result of groundwater flow in the Holocene landscape of the Netherlands, although the erosion mechanism was not specified. In the following description I will consider the simplest case of drainage-pattern evolution after a single rapid tilt that brings a smooth land surface of permeable rock above sea level. It is possible to envisage more complicated antecedent histories, including the deglaciation of a randomly irregular topography, without altering the major features of the proposal. The eflect of extremely low rock permeability will be discussed later.
Elevation of the rock mass above base level causes a slope of the regional water table and the drainage of groundwater towards the hydraulic sink provided by a stream or sea level (Figure 5a ). The flow and potential fields in such a system can be calculated according to the methods introduced by Toth (1962; and extended by Freeze and Witherspoon (1966; 1967; 1968) for numerical integration of Hubbert's (1940) groundwater flow equations subject to a variety of topographic and Figure 5 Plan view of a groundwater flow net during extension of spring heads to form a drainage network. Solid arrows are flow lines, dashes indicate equipotential lines. a) groundwater flows towards the land margin; b) convergence of groundwater flow at the head of an embayment produced by a small piping failure or by an initial irregularity in the land margin; c) increased convergence of flow lines around a spring head that has retreated headward from the land margin extending a valley. A second piping failure has occurred on one side of the valley and is distorting the flow field in that region. After Dunne (1969) stratigraphic boundary conditions. Toth (1966) also demonstrated techniques for field mapping and testing of the predictions, which for the simple case being considered are shown in Figure 6 . Beneath the upper part of the land surface there is a region of downward flow, and under the region near the outlet flow has an upward component of varying magnitude.
Chemical weadiering by the emerging water increases the porosity of the rock and reduces its tensile strength thereby rendering the weathered material more susceptible to piping forces (Equations 9 and 12) during times of greatest hydraulic gradients. An associated increase in hydraulic conductivity in the weathered zone would tend to reduce the piping force, according to Equation 11, but we shall see later that this effect is at least partly offset by the increased flow of water toward a piping location.
Even within a. so-called uniform rock there are various degrees of heterogeneity in several properties. The two properties of greatest significance for the present discussion are the hydraulic conductivity and resistance to chemical weathering; they are also linked. Minor differences in grain size, porosity or jointing could give rise to a spatial variation of conductivity with wavelengths that vary from millimetres to kilometres or more. An example of the latter scale is presented by Ineson (1962) Kalin (1977) .
The process excavates a spring head and causes local lowering of the ground surface. This change increases the probability of repeated piping because groundwater flow lines concentrate even more intensely on the spring head. Increased flow accelerates chemical weathering and also increases the hydraulic gradient at the edge of the initial indentation (see Figure 5b and Equations 10 and 11). Thus a positive feedback mechanism exists whereby the initial failure increases the probability of future piping at the same site. The further a spring head retreats, the greater is the flow convergence, and the greater is the tendency for future spring sapping, so that the rate of headward erosion increases. Headward sapping proceeds faster than valley widening because the valley head is the site of greatest flow convergence (Figure 5c ), although widening may take place as a result of lateral corrasion by the stream as well as spring sapping.
As the stream extends headward, it disrupts the simple two-dimensional flow pattern, and water emerging along the valley sides eventually exploits some susceptible zone (Figure 5c ) to form a tributary which also undergoes headward retreat and branching. This type of development fits the prediction of Dacey and Krumbein (1976, 154) whose topological investigation led them to propose that the growth of stream channel networks occurs mainly by tributary development along one side or the other of a growing first-order channel, rather than through bifurcation at the growing tips of the channels. However, the spring-sapping hypothesis does not preclude branching at tips, or even the more or less simultaneous piping of unconnected spring heads and later integration of the resulting channels.
The process of repeated failure and headward retreat and branching forms a network of river valleys (Figure 7) . Integration of the channel net-work Figure 7 A network of valleys developed by headward spring sapping. Flow lines (arrows) concentrate on the heads of valleys. The pattern stabilizes when the declining drainage area of each spring head is no longer large enough to yield enough groundwater to cause piping in the weathered bedrock. After Dunne (1969) In humid mountainous terrain the valley head is often marked not simply by a spring but by a landslide scar or the initial failure of a debris flow, and many of these show signs of concentrated water flow from joints or funnel-shaped hollows in the bedrock where hillslopes are so steep that high pore pressures mobilize a failure without piping. Dietrich and Dunne (1978) described the process of failure and re-filling of such bedrock hollows in the Coast Range of Oregon. Hack and Goodlett (1960) 
